A point charge model for the nuclear quadrupole moment tensor ͑PCNQM͒ is developed in order to determine accurate electric field gradients ͑EFG͒ at the relativistic and correlated levels. The symmetric s contributions arising from the Poisson equation are avoided by using an appropriate point charge distribution in three-dimensional space. It is shown that the PCNQM model yields virtually the same EFGs compared to the conventional method of expectation values, if the point charges are set at small displacements from the nucleus (dϽ10 Ϫ13 m) and the SCF energy is converged out to 12 significant figures. We further demonstrate that the choice of the point charge is not very critical to the PCNQM perturbation, and that the correlation energy at both the nonrelativistic and relativistic level of theory depends linearly on . This suggests that accurate EFG tensors can be obtained by performing only two correlated calculations for each atom and tensor component. The PCNQM model is tested on one-electron atoms and on the Cu and F EFG in CuF. Relativistic and correlation effects on EFGs are discussed in detail. A Z-expansion on one-electron systems demonstrates that the relativistic correction scales ϳZ 5 . For the CuF molecule DouglasKroll and Dirac-Fock coupled cluster calculations are in good agreement with each other. At the best level of theory ͑coupled cluster Dirac-Fock plus correction from basis set incompleteness͒ we obtain a nuclear quadrupole coupling constant for 63 Cu of 23 Mhz. This is in very good agreement with the experimental result of 22 MHz considering the large standard deviation of the 63 Cu nuclear quadrupole moment applied, 220͑10͒ mb.
I. INTRODUCTION
In the multipole expansion of the interaction between two charge distributions, 1 the electric field gradient ͑EFG͒ of the charge distribution 1 interacts with the second moment of the nuclear charge distribution 2 , the ͑electric͒ nuclear quadrupole moment ͑NQM͒. The EFG tensor at a nucleus is very sensitive to slightly varying electron distributions in the near vicinity of the nucleus. 2 Therefore, EFGs are useful for the investigation of weakly bound complexes and can act as an indicator for small external perturbations like solvent effects. 3, 4 EFGs also play an important role in the determination of NQMs from spectroscopic hyperfine coupling. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] An accurate determination of the EFG at the location of the nucleus is therefore desirable. Since the EFG scales ϳr Ϫ3 , it is an inner shell property and one may expect significant contributions from relativistic effects and electron correlation. [17] [18] [19] In the nonrelativistic case the EFGs for atoms and molecules can be obtained straightforwardly by computation of the expectation value over the EFG operator. For atoms and a few diatomic molecules containing light atoms accurate SCF wave functions can be obtained by discretization methods [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] where for systems with lower symmetry the algebraic approach is well established. Furthermore, even for most of the nonrelativistic electron correlation methods the coupled-perturbed wave functions are available and provide an efficient route to evaluate the analytic properties.
On the other hand changing to heavier elements makes a relativistic treatment inevitable and to our knowledge no analytic calculation at the four-component level is implemented yet. Especially the correlation treatment at the fourcomponent level is very expensive and currently not feasible for larger molecules and an alternative method for EFG calculations instead of an analytical treatment is desirable. In the cases where a picture change [31] [32] [33] is applied to treat relativistic effects as in the Douglas-Kroll scheme, [34] [35] [36] an appropriate relativistic transformation of the EFG operator becomes necessary as well. In contrast to the Coulomb operator the transformation of the EFG operator is complicated and cumbersome. The evaluation of EFG matrix elements using transformed wave functions only without transforming the operator, e.g., the Douglas-Kroll [34] [35] [36] or other transformations, may lead to substantial deviations in the EFG. 37 Electron correlation and relativistic effects can also be taken into account by the use of a multiple perturbation expansion. 10, 12, 15, 17, 19 The one-electron relativistic corrections and correlation contributions are hereby considered as internal ͑formal͒ perturbations where the external perturbation causes a linear response in the molecule yielding the a͒ Author to whom correspondence should be addressed; Electronic mail: schwerd@ccu1.auckland.ac.nz desired kth order property Q (k) . The multiple perturbation expansion is written as
,, are the perturbation parameters for the external perturbation, the relativistic correction and the correlation contribution. Differentiation of the calculated total electronic energies with respect to , , and yields the corresponding contributions to the kth order properties. However, the oneelectron relativistic effects are only treated as low order corrections to the energy and changes in the wave function might also be important. The multiple perturbation expansion was applied to various molecules using the Pauli relativistic Hamiltonian ͑mass-velocity and Darwin term͒ 38 in connection with a subsequent MBPT or CCSD͑T͒ calculation. 15, 17 The lack of the appropriate treatment of analytic properties in relativistic methods motivates a model of general applicability and without any restrictions concerning the complexity of the wave function.
In the next section we outline the point charge model for the NQM which we denote as the PCNQM model. In order to establish if this model works, we performed one-electron Hartree-Fock ͑HF͒ calculations on a series of atoms with different nuclear charges Z ͑up to Zϭ85͒ and varying NQMs. The PCNQM model is then compared with the conventional method over expectation values. In the last section we perform PCNQM calculations on CuF using large basis sets including both relativistic and correlation effects.
II. THE POINT CHARGE MODEL FOR THE NQM
We briefly review some important aspects on EFGs which are necessary for the discussion of our proposed point charge model. The components of the electronic and nuclear field gradient tensor q ␣␤ el and q ␣␤ nuc at nucleus X are the expectation values over the corresponding operators
within the Born-Oppenheimer approximation. 40 In expressions ͑2͒ and ͑3͒ ␣,␤ stand for x,y or z, (x,y,z)ϭr ␣ and (X,Y ,Z)ϭR ␣ ; the summation in ͑2͒ runs over all electrons i and the summation in ͑3͒ runs over all nuclei X. ͗q zz el ͘ϭq zz el can be obtained by differentiating twice the potential of the charge distribution ϭ͉⌿͉ 2 with respect to the Cartesian coordinates of the point (R Xx ,R Xy ,R Xz ):
If ⌿(r 1 ,...,r n ) can be represented as an antisymmetric product of one-particle functions i (r) ͑Hartree-Fock case; HF͒ the expression ͑4͒ can be written as a sum of one-particle integrals of the form
After transformation into spherical coordinates the evaluation of ͑5͒ for s-type Gaussian basis functions leads to a zero ͑angular part͒ times infinity ͑radial part͒ case at the origin. This situation can easily be avoided by either neglecting the s contributions completely ͑since only the traceless EFG tensor is needed͒, or by interchanging the order of integration and differentiation followed by a subsequent Gaussian transformation of the potential operator. 41 In the latter case, the higher angular momentum functions can then be obtained recursively by modern schemes of integral evaluation. 42 Both procedures are in use in standard quantum chemical software packages. 43, 44 The interaction energy U between an arrangement of point charges e i simulating the NQM and a potential ͑r͒ coming from a charge distribution ͑r͒ can be written as a Taylor expansion
͑6͒
The Einstein notation for summation is used. With the definitions for the electric field E and the field gradient F
␣␤

EϭϪٌ and F
we obtain the expression up to second order 45 UϭU 0 ϩq tot 0
␣ is the Cartesian component of the dipole moment and Q ␣␤ is the quadrupole moment of the e i arrangement:
The common notation for the zz component of the EFG tensor is q zz ϭ(‫ץ‬ 2 /‫ץ‬z 2 ) and is the negative of F zz which sometimes causes confusion in the sign of the EFG components. 46, 47 If not otherwise mentioned, we use q zz instead of q zz el . The term q tot 0 is contained in the molecular Hamiltonian, and the tensor product U int ϭϪ 1 2 Q ␣␤ F ␣␤ represents the small additional interaction energy between the nuclear quadrupole and the field gradient. There is ͑cur-rently͒ no measurable nuclear dipole moment which could interact with the electric field of the charge distribution ͑r͒.
To vary the total energy as a consequence of the EFGquadrupole perturbation U int , we generate an artificial ''quadrupole moment'' by placing additional point charges i at a distance of d around the nucleus ͑d should not be much larger than the size of the nucleus, i.e., dϽ10 Ϫ3 a.u.͒. We can use the following arrangement shown in most nuclear physics textbooks, Fig. 1 . 48 The general expression of the interaction energy
simplifies for the arrangement of Fig. 1 to
where the abbreviation Qϭd 2 was used. The total charge remains conserved for all Q.
Variation of Q causes a change in the total electronic energy E and the expectation value q zz ͉ 0 can therefore be obtained. Compared to the Coulomb energy, U int is quite small so that the perturbational ansatz
for the total Hamiltonian is justified,
The energy with quadrupole perturbation can be expanded as
with the first-order response
͑16͒
At this stage E(Q)ϭ͗⌿(Q)͉Ĥ (Q)͉⌿(Q)͘ can be calculated to every desired accuracy taking electron correlation and relativistic effects into account. Differentiating ͑14͒ with respect to Q and taking the Hellmann-Feynman theorem into account yields
Hence numerical differentiation of the perturbed energy calculated with an arbitrary complex wave function leads to the expectation value of the EFG operator containing the corresponding contributions at a uniform level of treatment. A small advantage of our PCNQM method over the conventional expectation value method is that the HellmannFeynman-type errors are avoided. The first-order response in Eq. ͑15͒ will be analyzed for the molecular calculations on CuF.
III. ATOMIC CALCULATIONS
Introducing a fixed axis, q zz can be written as
where is the angle between the point of consideration and the axis. In the case of a one-electron atom in the state ⌿ nlm an analytical nonrelativistic expression for the EFG at the nucleus can be given for lϾ0;
where the nonrelativistic expression for ͗r Ϫ3 ͘ is
͑20͒
Since the EFG operator behaves like 1/r 3 large relativistic effects are to be expected. For the relativistic case closed-form expressions for the diagonal r k expectation values are also known [49] [50] [51] and convenient expressions for Ϫ6 рkр5 were recently given by Andrae. 52 Concerning only the radial part of the EFG expectation value one can estimate the relativistic corrections to ͗r Ϫ3 ͘. 
where is the relativistic quantum number, n r ϭnϪ͉͉, ␥ ϭͱ 2 Ϫ(Z/c) 2 and Nϭͱn r 2 ϩ2n r ␥ϩ 2 . If one expands this expression with the respect to (Z/c) one yields
͑22͒
where
f Ј͑0͒ϭ0, f Љ͑0͒ϭ In order to show that the PCNQM model shown in Fig.  1 performs well, we carried out a series of nonrelativistic atomic one-electron calculations on the 1 2 S and 2 2 P states. A even-tempered basis sets of 28s ͑for the 1 2 S state͒ and 28 p functions ͑for the 2 2 P state͒ was used starting at exponent 0.0064 and applying a scaling factor of 2.0. In the case of an s function, which has a nonvanishing density at the nucleus, one should obtain a contribution to the EFG within the PC-NQM model shown in Fig. 1 . The EFG at Rϭ0 of a Gausstype 1s function located at the origin is q zz ͑Rϭ0,1s ͒ϭ lim
͑26͒
Performing the limiting process before the integration will cause mathematical difficulties as mentioned in the introduction. Therefore, the integral with respect to r is evaluated first and the limiting process is performed after the differentiation of the resulting expression. In the case of a normalized 1s Gaussian function
this leads to a q zz ͉ 0 value of
The nontraceless diagonal components are implemented in GAUSSIAN94. 43 In the case of an exponent of ␣ϭ0. is the charge density. In the extension to a complete basis set this value approaches 4 3 Z 3 . These spherical contributions can be quite large compared to the p contributions, and may cause numerical difficulties in the transformation to the traceless tensor. Since they are independent of the nuclear orientation they do not contribute to the energy shift due to the NQMs. The EFG-tensor F is often transformed to a traceless form which can be achieved by subtracting the spherical tensor Kϭ 1 3 tr(F) from F. The remaining tensor contains only nonspherical parts contributing to the energy shift and is called the deviator. In this case the Laplace equation is satisfied, because (0)ϭ0 for all functions lϾ0. One easily sees that for a 1s function the diagonal elements of F-K vanish. Figure 2 shows the s-contributions obtained from our PCNQM model in comparison with the one derived from the expectation value, and the exact formula given by the Poisson equation for a hydrogenlike 1s function. For the PC-NQM calculations we used dϭ10 Ϫ4 a.u. and chose the charges ͕ϩ0.2,ϩ0.1,0,Ϫ0.1,Ϫ0.2͖ a.u. The EFGs are obtained by numerical differentiation. The PCNQM results are in very good agreement with the results obtained from the expectation value over the EFG operator. For example, for Zϭ50 we obtain q zz ϭ161 549 a.u. compared to the expectation value of 161 507 a.u. The difference is due to the numerical accuracy of the PCNQM method. Note that the NQM is of the order of 10 Ϫ9 a.u. In order to obtain better results, a smaller distance d should be chosen and the integral accuracy has to be improved beyond 10 Ϫ12 a.u. At this stage we note that a relativistic calculation for the s contribution using a nuclear point charge model will lead to a singular result at rϭ0, because the electron density of a Dirac 1s 1/2 function is
͑32͒
For a finite extension of the nucleus, rϷ10 Ϫ4 a.u., the singularity is removed. Nevertheless, this relativistic singularity problem and the very large contributions of the s components in general ͑Fig. 2͒ make a different point charge model from that given in Fig. 1 desirable; in other words the s contributions should be avoided. One can get rid of the spherical contributions if the perturbing charges are placed in three-dimensional space as shown in Fig. 3 . The expression ͑10͒ for the interaction energy is then written as
where U int vanishes for spherical contributions.
Since the point charge arrangement of Fig. 3 couples all three EFG components together, the spherical part with q xx ϭq yy ϭq zz is annihilated. Numerical inaccuracies in the evaluation of dE/dQ due to large s contributions can therefore be avoided as well. The arrangement of point charges in Fig. 3 is used in all molecular calculations here. In a linear molecule q xx ϭq yy holds due to rotational symmetry around the z axis and with the validity of the Laplace equation Eq. ͑33͒ simplifies to
͑34͒ Figure 4 shows the 2p contributions to the EFG for atoms up to Zϭ85. Again, the PCNQM model performs well for small displacements d of the charge perturbation. For example, for dϭ10 Ϫ4 a.u. and ͕ϩ0.2,ϩ0.1,0,Ϫ0.1,Ϫ0.2͖ a.u. we obtain for Zϭ50 q zz ϭϪ4166.5 a.u. in good agreement with the expectation value of Ϫ4166.1 a.u. In comparison, d ϭ10 Ϫ3 a.u. yields Ϫ4161.8 a.u. Figure 4 also shows different EFG curves for different choices of d. This clearly demonstrates, that the distance d for the point charges should be chosen as small as possible, but large enough to avoid numerical difficulties. dϭ10 Ϫ1 a.u. is certainly a bad choice, Fig. 4 . We also mention that the point charge arrangements shown in Figs. 1 and 3 contain a small hexadecupole contamination of (4!) Ϫ1 d 4 which can safely be neglected for a small displacement d.
Having discussed different choices of d, we can now analyze how small the charge must be in order to obtain accurate EFGs. Table I shows EFGs for the 2 2 P state of the one-electron atom with Zϭ85. The data clearly show that the EFG is sensitive to the choice of the displacement d, but it is relatively unaffected by the choice of the charge . This can be understood from first order perturbation theory where is linear in the response. As a result, relatively modest to large values of may be used in connection with a small displacement d within the PCNQM model. The ͑almost͒ linear behavior of the EFG in ͑see also the discussion for CuF below͒ suggests that for the numerical differentiation of Eq. ͑24͒ the charge should be chosen as the variable at a fixed displacement d, and not vice versa. Figure 4 also contains the relativistic contribution of the 2p 3/2 EFG, showing that relativistic effects soon become important with increasing nuclear charge Z.
IV. MOLECULAR CALCULATIONS A. Computational details
All nonrelativistic and scalar relativistic calculations on CuF for the Cu and F EFGs were carried out using the MOLCAS-3 program system 44 at the experimental equilibrium bond distance of r e ϭ3.297 44 a.u. We have applied the MOL-CAS implementation of Mo "ller-Plesset perturbation theory ͑MP2͒, 54 the TITAN algorithm for coupled cluster singles and doubles ͑CCSD͒, 55 and the CCSD augmented perturbative correction for the triple excitations ͑CCSD͑T͒͒ 56 by Lee, Rice, and Rendell. 57 The implementation of the DouglasKroll transformation ͑DK͒ [34] [35] [36] into the one-electron integral code was done by Hess and modified for the MOLCAS package by Kellö. For the comparison with DK calculations and for estimating spin-orbit effects, fully four-component PC-NQM Dirac-Fock ͑DF͒ calculations were performed using the program system MOLFDIR. 58 Because of huge disk space and CPU time requirements needed for the DF calculations, a restriction of the basis set was necessary. This medium sized basis set is denoted as B1 in the following. A more flexible basis set for nonrelativistic and DK calculations was subsequently applied ͑basis set B2͒. We outline briefly the construction of the two basis sets B1 and B2 listed in Tables III-X. More details are given in the appendix.
B1 basis
The starting point for the copper basis is an atomic natural orbital ͑ANO͒ basis set created for the first row transition elements by Bauschlicher and Partridge. 59, 60 The original (20s15p10d6 f 4g)→͓7s6 p4d3 f 2g͔ general contraction scheme was modified to a (20s15p11d1 f ) →͓10s10p7d1 f ͔ scheme. We released more primitives in the s, p, and d shell; in particular the p functions have a significant influence on EFGs. 61 A considerable flexibility in the s function set is necessary for a good description of the scalar relativistic effects by the DK formalism. [34] [35] [36] For a DK calculation a complete recontraction of the basis set was done using the ANO coefficients of a ROHF calculation.
For fluorine the original aug-cc-pVTZ basis created by Dunning et al. 62, 63 was truncated and slightly modified for the four-component calculations. To keep the basis of moderate size the original (11s6p3d2 f )→͓5s4 p3d2 f ͔ contraction was changed to a (11s7 p1d)→͓5s4 p1d͔ scheme where the eight hardest s and four hardest p exponents were contracted. One hard p exponent of 128.1854 was added for a better description of the spin-orbit coupling of the 2p shell. 64 The d exponent was modified for the four-component calculations.
In order to create a kinetically balanced four-component wave function and to reduce the size of the small component basis set, the basis set was reoptimized with the restriction that the dϪ( f Ϫ) exponents are a subset of the sϪ(pϪ) exponents. The B1 set of exponents and contraction coefficients is listed in Tables VII-X. The corresponding contraction coefficients for the nonrelativistic and DK calculations were determined by a ROHF calculation of the fully uncontracted set for the copper and fluorine atom where only the coefficients of the occupied orbitals were included in the general contraction scheme. For the DK calculations a different contraction was required especially for the accurate Relativistic effects on the fluorine basis set were neglected and a modified augmented correlation consistent pVTZ basis set of Dunning 62 was used. The small component (SS͉SS) integrals in the DF Coulomb calculations consume usually more than 2/3 of the twoelectron integrals. A test calculation revealed that leaving out these integrals lowered the total electronic energy by only 7 mH. We therefore neglected such matrix elements. Any errors introduced should be smaller than basis set or correlation errors. Furthermore, neglect of the (SS͉SS) integrals will have the greatest affect on the 1s 1/2 orbital, an orbital which has a relatively small indirect contribution to the EFG at the nucleus. The Cu and F primitive basis sets were contracted following the atomic balance scheme. 65 The contracted function representing the inner tail of the 3p 1/2 orbital ͑both large and small components͒ of Cu was found to be linearly dependent and was therefore removed. A further contracted function was added to the small component s space for F. The final basis was L(20s15p11d1 f ) →͓10s11p8d1 f ͔ and S(15s20p15d11f 1g) →͓9s12p11d8 f 1g͔ for Cu and L(11s7p1d)→͓5s5p1d͔ and S(7s11p7d1 f )→͓5s5p5d1 f ͔ for F. The contraction coefficients for this basis is given in Tables VII-X. The finite extension of the Cu and F nuclei were represented by Gaussian functions with exponents 2.767ϫ10 10 and 5.355 ϫ10 10 for Cu and F, respectively. It should be noted that these finite nuclear extensions are spherically symmetric and have no effect on the EFG at either nucleus. Indeed, the nuclear-nuclear interaction is treated as though each nucleus is a point charge in the MOLFDIR program. It was necessary to assign a finite extension to any point charges added to create the artificial NQM. The exponents of the Gaussians in question were chosen to be 1ϫ10 20 and therefore all added charges were effectively point charges. The integral cut-offs for the (LL͉LL) and (LL͉SS) matrix elements were 10 Ϫ10 and 10 Ϫ8 a.u., respectively. All DF calculations were carried out under C 4v symmetry except for the atomic calculations where O h symmetry was used.
B2 basis
The set of copper exponents for the extended nonrelativistic and DK calculations was taken identically from Bauschlicher 59 without further optimization. For the nonrelativistic calculations the following changes concerning the general contraction scheme were made: We removed four in each of the s, p, and d primitives from the contractions and added them as separate basis functions. The g functions given by Bauschlicher 59 were omitted. Furthermore virtual orbitals were not included into the general contraction scheme. This results in a (20s15p10d6 f )→͓11s10p8d3 f ͔ contraction ͑see Tables V and VI͒. For fluorine the original set of exponents 62, 63 was kept unaltered and no truncations were made. We only released the three softest s and p exponents from the general contraction scheme where the diffuse functions remained uncontracted as in the original set. These modifications changed the original contraction scheme to (11s6p3d2 f ) →͓6s5 p3d2 f ͔.
Treatment of electron correlation
For the very expensive DF calculations with basis B1 we had to confine ourselves to a relatively small active orbital space. For the HF, DK, and DF MP2 and CCSD͑T͒ calculations the 1s, 2s, 2p, 3s, and 3 p electrons on Cu and the 1s electrons on F were frozen. Furthermore, all virtual orbitals with energy greater than 10 a.u. were deleted. For the more accurate nonrelativistic and relativistic DK calculations with basis B2, the active space was extended in such a way that only the 1s, 2s, and 2p orbitals on Cu and the 1s orbital on F were kept frozen.
For the numerical differentiation to obtain q zz , five points with Qϭ0.0, QϭϮ10 Ϫ6 , QϭϮ2.0ϫ10 Ϫ6 a.u. with a displacement of dϭ10 Ϫ3 a.u. were used. As can be seen in Fig. 5 the charges should not be too large and for the numerical stability of the SCF wave function the distances from the nucleus had to be enlarged accordingly. The SCF convergence applied was below 10 Ϫ12 a.u. In all cases, the nonrelativistic HF EFG expectation value was in very good agreement with the numerical fit. It turned out that one cannot achieve so easily the same numerical stability for the correlated calculations as for the HF results. Therefore, a separate investigation of the influence of electron correlation effects on the EFG was performed, which we discuss in the following.
In Fig. 5 the correlation energy at the MP2 and CCSD͑T͒ level is plotted against the perturbational charge for a wide range of values. For comparison, the energies plotted in Fig. 5 are all set to zero at the charge ϭ0 a.u. Even for high charges , no detectable deviation from a linear behavior can be observed for both the relativistic DK and the nonrelativistic case. This allows for a separate treatment of the electron correlation contribution. The EFG is where F HF ␣␤ and F cor ␣␤ are the HF and electron correlation contribution, respectively. Using Eq. ͑17͒ it follows that
The correlation contributions to the EFGs listed in Tables II  and III are therefore determined by adding 1/(2Q) ϫ͕E cor (ϩQ)ϪE cor (ϪQ)͖ to the uncorrelated HF, DF, or DK value. Figure 5 also shows the nonrelativistic HF energies and the relativistic change at the HF level dependent on the point charge . The tangents at Qϭd 2 ϭ0 give the electric field 
B. Results and discussion
The results of our molecular calculations are summarized in Table II . Relativistic effects are relatively small compared to the large contributions from electron correlation, but both effects lower the absolute value of the EFG. Relativistic effects change the Cu EFG by 0.065 a.u. at the HF level and by 0.216 a.u. at the CCSD͑T͒ level using the B2 DK results. This is nevertheless a 20% change in the EFG due to relativity! The relativistic change using the mass-velocity and Darwin term at the HF level estimated earlier for CuF ͑0.13 a.u.͒ 61 is therefore overestimated showing the limitation of the MVD method. Comparing DK with DF, the deviation between both results ͑0.03 a.u. at the CCSD͑T͒ level͒ should be due to the slightly different basis sets applied and the difference between both relativistic operators, which should mainly be the spin-orbit coupling operator.
In order to study the effects of electron correlation on the EFG more detailed, we chose different active orbital spaces according to the different shells of copper and fluorine. As However, we believe that the difference is due to the error introduced by the use of the DK wave function on the untransformed EFG operator, as has been pointed out recently by Sadlej.
37
Experimental results from hyperfine interaction in the rotational spectrum of CuF give the following nuclear quadrupole coupling constants ͑NQCC͒: 21.95͑10͒ MHz for 63 Cu and 20.32͑10͒ MHz for 65 Cu. 66 If we use the recommended NQMs for copper, Ϫ220(15) mb for 63 Cu and Ϫ204(14) mb for 65 Cu, 6 and the well known formula for converting EFGs in a.u. to coupling constants in MHz, e 2 qQ/h ͓Mhz͔ϭ234.9eq ͓a.u.͔eQ ͓b͔ ͑37͒
we obtain the following NQCCs at the relativistic CCSD͑T͒ level for 63 Cu ͑values for 65 Cu are set in parentheses͒: DK 22.7 ͑21.0͒ MHz, DF 24.2 ͑22.4͒ MHz with basis set B1, and DK 19.3 ͑17.9͒ with basis set B2. We used the nuclear component of the EFG as shown in Eq. ͑3͒ which yields ϩ0.502 04 a.u. at the experimental CuF bond distance of r e ϭ3.297 44 a.u. If we take the DF value which contains spin-orbit coupling and correct for the basis set incompleteness by using the DK difference between both basis sets, we obtain the final corrected NQCCs of 20.8 MHz for 63 Cu and 19.3 MHz for 65 Cu. This is roughly 1 MHz below the experimental values but within the accuracy of the published NQM.
In order to estimate errors from basis set incompleteness and restrictions in the active orbital space we performed two coupled cluster calculations with charge ϭϮ2 a.u. These calculations were very expensive in computer time and disk space requirements and reached the limit of our capacity. The basis set on Cu was the B2 basis set extended by the Bauschlicher set of four g-functions contracted to two. In this case we obtain the following EFGs for copper ͑in a.u.͒: DKϪ1.7407, DKϩMP2Ϫ0.8587, DKϩCCSDϪ1.0595, DKϩCCSD͑T͒Ϫ0.9160. A comparison with Table II shows that the uncorrelated DK value is virtually unchanged compared to the basis set without g functions. If we take the CCSD͑T͒ value plus nuclear contribution of Ϫ0.4140 a.u. and correct for spin-orbit coupling as described above, we obtain the corrected NQCCs of 22. Another source of error is the neglect of vibrational/ rotational corrections to the EFG which can be quite substantial. Basis set B2 yields the following spectroscopic constants for CuF at the DK level obtained from a five point polynomial fit ͑experimental values are set in parentheses 67 ͒: r e ϭ175.0 pm ͑174.5 pm͒, e ϭ610 cm Ϫ1 (623 cm
Ϫ1
). Previously obtained correlated results on CuF by other authors give longer bond distances, i.e., 179.6 pm, 61 178 pm 68 or 176.7 pm 69 at the CI or coupled-cluster level. The EFG curves are shown in Fig. 6 . For further analysis we shifted our DK potential curve to the experimental minimum, determined numerically the vibrational-rotational wave functions and evaluated the vibrational-rotational averaged EFG. The correction to the vibrational-rotational ground state is small, i.e., ͗q el ͘ϭϪ0.9377 a.u. compared to Ϫ0.9412 a.u. at the minimum bond distance r e , and ͗q nuc ͘ϭϩ0.4986 a.u. compared to ϩ0.5020 a.u. at r e . Hence the total field gradient ͗q͘ϭϪ0.4391 a.u. is almost identical to qϭϪ0.4392 a.u. at r e because nuclear and electronic corrections cancel out. Furthermore, Fig. 6 shows that the total EFG͑R͒ curve exhibits only a small slope and curvature around r e .
We also applied a point charge model in order to obtain the CuF dipole moment 70 which is 6.29 D at the uncorrelated DK level and 5.44 D at the DK CCSD͑T͒ level using basis set B1. Nearly the same value of 5.43 D was also obtained using a MP2 correlation treatment instead of the CCSD͑T͒. This is not in so good agreement with the experimental value of 5.77͑20͒ D. 66 Spin-orbit effects are also negligible as DF calculations show ͑6.29 D at the DF level and 5.43 D at the DF/MP2 and DF/CCSD͑T͒ level͒. We repeated the calculations with the large basis set B2. The final dipole moments are 6.13 D at the uncorrelated DK level and 5.30 D at the DK CCSD͑T͒ level. Thus increasing the quality of the basis set lowers the dipole moment. Hence, either the correlation procedure and basis sets applied are not accurate enough, or the experimental dipole moment is too large.
We like to mention that it is trivial to implement the PCNQM model into any ab-initio or density functional program. With the point charge arrangement shown in Fig. 3 one can determine the complete EFG tensors for an unsymmetric molecule. The PCNQM model can also be easily applied to the solid state. Work in this direction is underway. However, we recommend strongly that integral accuracies and SCF convergence is set to a very tight criterion before the PCNQM model is applied. Finally, we note that in the nonrelativistic case the analytical evaluation of EFGs is superior. However, fully relativistic four-component calculations for large molecules at the correlated level are currently not feasible. In this case the PCNQM model combined with any scalar or two-component relativistic method is an attractive alternative.
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APPENDIX
Tables III-X 12 list all basis sets used for copper and the DF basis set for fluorine. The original exponents for the copper basis set were taken from Bauschlicher and Partridge 59, 60 and modified for the relativistic calculations as described in the text. The unmodified Dunning fluorine basis sets was obtained from the Extensible Computational Chemistry Environment Basis Set Database. 62, 63, 71 The total electronic energies at the SCF level are as follows ͑in a. 72, 73 For both the atomic numerical and algebraic DF calculations a Gauss-type charge distribution for the nuclear extension was used, and the (SS͉SS) integrals were included.
